(8) D-L heterosynthons are, on the other hand, identical. These substructures are further connected by strong hydrogen bonds into broad two-dimensional structures, in turn weakly linked to each other. Even if the homo-and heterosynthons in (I) and (II) are rather frequent in lamotrigine structural chemistry, the composite tetrameric synthon appears to be much less common. The occurrence of these motifs among lamotrigine salts and cocrystals is analyzed.
Lamotrigine is a drug used in the treatment of epilepsy and related convulsive diseases. The drug in its free form is rather inadequate for pharmacological use due to poor absorption by the patient, which limits its bioavailability. On the other hand, the lamotrigine molecule is an excellent hydrogen-bonding agent and this has been exploited intensively in the search for better formulations. The formulation presently commercialized (under the brand name Lamictal) is rather complex and includes a number of anions in addition to the active pharmaceutical ingredient (API). The title salts of lamotrigine, namely 3,5diamino-6-(2,3-dichlorophenyl)-1,2,4-triazin-2-ium 2-[(2-carboxyphenyl)disulfanyl]benzoate monohydrate, C 9 H 8 Cl 2 N 5 + ÁC 14 H 9 O 4 S 2 À ÁH 2 O, (I), and the anhydrate, C 9 H 8 Cl 2 N 5 + ÁC 14 H 9 O 4 S 2 À , (II), contain a lamotriginium cation (L), a hydrogen dithiodibenzoate monoanion (D) and, in the case of (I), a disordered solvent water molecule. Both L and D present their usual configurations severely twisted around their central C-C and S-S bonds, respectively. The supramolecular structure generated by the many available donor and acceptor sites is characterized by a planar antisymmetric motif of the form D-L-L-D, i.e. the structural building block. Although this characteristic motif is extremely similar in both structures, its conformation involves different donors and acceptors in its R 2 2 (8) central L-L homosynthon. The lateral R 2 1. Introduction 6-(2,3-Dichlorophenyl)-1,2,4-triazine-3,5-diamine (best known as lamotrigine) is an anti-epileptic drug used in the treatment of epilepsy and related convulsive diseases. In spite of its excellent therapeutic performance, the drug in its free form is rather inadequate for pharmacological use due to poor absorption by the patient, as a result of low water solubility and dissolution rates (Parmer et al., 2009; Chadha et al., 2013) which limit its bioavailability. On the other hand, the lamotrigine molecule is an excellent hydrogen-bonding agent, presenting a number of donor and acceptor sites, which make it a potential target for both salt and cocrystal formation. This fact has been exploited intensively in the search for better formulations from a pharmacological point of view, and an impressive number of salts and cocrystals have been reported, The specified amounts of lamotrigine and thiosalicilic acid were added to the solvent and kept under mechanical stirring at the specified temperature until complete dissolution occurred. After slow evaporation, medium-sized pale-yellow prismatic crystals adequate for X-ray diffraction analysis were obtained.
In the case of (I), since no water was explicitly used in the synthesis, it is presumed that the hydration water molecule resulted from the (methanol) solvent, which was used as purchased without further purification.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . All the H atoms in the lamotriginium and 2-[(2-carboxyphenyl)disulfanyl]benzoate ions were confirmed in a difference map, but were treated differently in the refinement. X-H groups (X = O and N) were refined with restrained X-H distances of 0.85 (1) Å , as well as a restrained HÁ Á ÁH distance within the -NH 2 groups of 1.35 (2) Å , while C-H groups were idealized and treated as riding (C-H = 0.93 Å ). The U iso (H) values were taken as 1.2U eq (host). The water molecule in (I) is disordered over two positions, which were constrained to have identical anisotropic displacement ellipsoids. The occupancy of the more occupied site refined to 0.685 (4). The disordered water H atoms could not be found and were not included in the model. The short O1WAÁ Á ÁO11(Àx + 1, Ày, Àz + 1) and O1WBÁ Á ÁO11(Àx + 1, Ày, Àz + 1) contacts of 2.993 (5) and 2.772 (1) Å , respectively, probably represent hydrogen bonds involving omitted H atoms. Views of the asymmetric units of (a) (I) and (b) (II), with displacement ellipsoids drawn at the 40% probability levels. Broken lines represent hydrogen bonds and the numbers with the hash (#) symbol refer to entry numbers in Tables 3 and 5. The two parts of the disordered water solvent molecule in (I) are shown. [Symmetry code: (ii) Àx, Ày + 2, Àz + 1.] noncovalent interactions in (I), and Tables 5 and 6 present the noncovalent interactions in (II). For easy reference, these interactions have been labelled using the sequential codes shown in the first column.
Results and discussion
Both compounds crystallize in the space group P1, with an asymmetric unit composed of a lamotriginium cation (L) and a 2-[(2-carboxyphenyl)disulfanyl]benzoate anion (D). In the case of (I), a disordered solvent water molecule, split into two nearby positions, completes the structure (Fig. 1) .
The lamotriginium cations are featureless, metrically similar to each other (see Table S1 in the Supporting information for a comparison of equivalent parameters) and to the many occurrences reported in the literature. The main difference between both moieties corresponds to the only degree of freedom in the molecule, the N1-C3-C4-C5 torsion angle, which measures the rotation between the planar rings [71.0 (4) in (I) and 100.9 (3) in (II)] against a mean value of 73 (8) (for 73 cases in the CSD; Groom et al., 2016) . As in all the occurrences of the molecule in its cationic form, proton transfer from the acid takes place at atom N2.
The singly deprotonated anion, in turn, is also severely twisted, with C11-S11-S21-C21 torsion angles of À83.70 (16) and À89.44 (12) , and interplanar angles between the rings of 75.20 (17) and 83.18 (14) for (I) and (II), respectively. These $90 torsion angles correspond to the most stable form of disulfides, as disclosed by molecular orbital calculations (Boyd, 1972) , which have shown that the S-S bond is stronger at a -C-S-S-C-dihedral angle of 90 and weakens at both sides of this maximum, due basically to the repulsion between 3p lone-pair orbitals on adjacent S atoms, which would go through a minimum at 90 and would increase below/above this value. This behaviour is confirmed by an overwhelming majority of the molecules containing a noncyclic -C-S-S-C-group, with a mean value for the torsion angle of 87 (10) (1205 cases in the CSD, 48 outliers left aside; Fig. 2 ). In the present case, The distributuion of the C-S-S-C torsion angles in the CSD (Groom et al., 2016) (1205 cases, 48 outliers left aside).
Figure 3
Overlapping representation of equivalent ions in (I) and (II), showing the main differences. Full lines represent structure (I) and broken lines represent structure (II). C12-S12-S11-C11 À83.70 (16) À89.44 (12) N1-C3-C4-C5 71.0 (4) 100.9 (3) Table 3 Hydrogen-bond geometry (Å , ) in (I). C-XÁ Á ÁCg (X = O or Cl) contacts (Å ) in (I).
Ring codes are as shown in Fig. 1 . this geometry is facilitated by the presence of two intramolecular C-HÁ Á ÁS hydrogen bonds (see interactions #1a and #1b in Table 3 , and interactions #2a and 2#b in Table 5 ; see also Fig. 1 ). Among the carboxylic acid and carboxylate groups, there is a clear correlation between the protonation state and the C-O distances (for numerical values, see Table 2 ). The COOH group shows well differentiated single and double bonds, while in the deprotonated COO À group, both distances are rather similar, displaying much smaller differences. But in spite of their similarities, the C72-O12 and C72-O22 bond lengths suggest, in turn, a trend between an enhanced involvement in hydrogen bonding and a lengthening of the C-O acceptor bonds (Table 2) . Fig. 3 presents a schematic summary of what has been discussed so far in the form of overlapping diagrams of equivalent moieties [i.e. L (I) /L (II) and D (I) /D (II) ], graphically showing the main differences between the molecular structures.
Of particular interest in these compounds is the way in which noncovalent interactions organize in order to build up the crystal structure. In particular, we will focus on the 
Figure 4
A view of the hydrogen-bonded tapes for (a) (I) and (b) (II), running along [010]. The tetrameric unit built up by the central homosynthons A and the two lateral heterosynthons B is highlighted. The hydrogen bonds responsible for the linkage between adjacent tetramers are highlighted with red ellipses. The symmetry codes for (I) are as in Table 3 , while those for (II) are as in Table 5. substructure generated by the strong X-HÁ Á ÁY hydrogen bonds (X and Y = N and O).
There are two characteristic synthons in the supramolecular structures of (I) and (II), labelled in Fig. 4 as A and B. The synthon labelled B is a noncentrosymmetric heterosynthon, induced by interactions #4a and #5a for (I) ( Table 3) and interactions #4b and #5b for (II) ( Table 5 ), in the form of an R 2 2 (8) loop connecting a lamotriginium cation and a 2-[(2carboxyphenyl)disulfanyl]benzoate anion. This synthon, identical in (I) and (II), is also characteristic of many lamotriginium carboxylate salts.
A more interesting situation arises with the centrosymmetric homosynthon A, where (I) and (II) differ in a rather subtle way. In both cases, the group gives rise to an R 2 2 (8) loop linking lamotriginium cations with each other, and this is achieved by way of the same acceptor in both synthons (N4), but different donors [N3 in (I) (interaction #6a in Table 3 ) and N5 in (II) (interaction #6b in Table 5) ]. For future reference, we shall differentiate these synthons as A I and A II , respectively. Inspection of Fig. 4 shows that the difference is due to a 'relative shift' between L cations in such a way that, in the case of the anhydrous form (II), atom N3 is fully involved in this 'tetrameric' construction, leaving atom N5 free to be involved in different connections, while in the case of the hydrate (I), one of the N3 hydrogens is 'blocked' by the hydrogen-bonding interaction with the solvent water molecule (#8a in Figs. 1 and Fig. 4 ), leaving just one H atom for the construction of the tetramer.
The resulting extremely similar tetrameric D-L-L-D substructures, highlighted in Fig. 4 , are the result of the linkage of three R 2 2 (8) loops. The main difference is due to the diverse L-L interaction schemes. In (I), the link goes through the lamotriginium N-substituted ring, while in (II) it does not, neighbouring rings having the C1-N3 bond in common. This introduces a significant lengthening of the tetramer in the case of (I) (ca 17%), with a 23.06 (2) Å span between the outer-most C atoms, as compared with a span of 19.78 (2) Å in (II). In both cases, the tetramer (including the terminal arene rings) is basically planar [mean deviation from the least-squares plane for the C, N and O atoms in the highlighted zone in Fig. 4 is 0.16 Å for (I) and 0.24 Å for (II)].
The substructures described so far are the result of only three out of the six active X-H groups available (X = N or O), viz. H2, H3B and H5A [in (I)] or H3A [in (II)]; the remaining three X-H groups play important structural roles in the interconnection of tetramers, with the exception of atom H3A in (I), which is 'saturated' with some nonrelevant hydrogen bonds to the disordered solvent water molecule (#8a and #8a 0 in Table 3, 
and Fig. 1)
To begin with, the acidic H21O atom [#3a in (I) ( Table 3 ) and #3b in (II) ( Table 5) ; circled in Fig. 4 ] serves to link the tetrameric substructures into broad planar tapes, which are inclined parallel to (102) in (I) and to (102) in (II), and (in both cases) run along [010] . These strips are further connected along [100], in the case of (I), through the single hydrogenbond donor left to this structure (H5B; interaction #7a in Table 3 ), but in (II) with both H atoms attached to N5 (#7b and #8b in Table 5 ). These interactions define broad twodimensional arrays, which run parallel to (001), as shown in Fig. 5 .
There are additionally, in both structures, second-order ClÁ Á Á interactions (Tables 4 and 6) , all of them connecting Cl atoms and rings within the planes and thus serving to strengthen the intraplanar linkage. It is interesting to note that in these broad two-dimensional structures, the hydrophilic part remains internal to the planes, and only a hydrophobic envelope is exposed to its surroundings (Fig. 5) Packing diagrams of (a) (I) and (b) (II) viewed along [010] and depicting the way in which the tapes shown in Fig. 3 (in projection, highlighted) lean parallel to the (102) plane in (I) and to the (102) plane in (II), while running along [010] . Hydrogen bonds #7a [in (I); Table 3 ] and #7b and #8b [in (II); Table 5 ] finally join them into broad two-dimensional structures, which extend parallel to the (001) plane. Table 5 Hydrogen-bond geometry (Å , ) in (II).
C22-H22Á Á ÁS11 0.93 2.60 3.152 (3) 118 #3b O21-H21OÁ Á ÁO22 i 0.849 (10) 1.877 (16) 2.683 (2) 158 (3) #4b N2-H2Á Á ÁO22 0.847 (10) 1.874 (11) 2.717 (2) 173 (3) #5b N3-H3BÁ Á ÁO12 0.839 (10) 2.111 (13) 2.906 (3) 158 (2) #6b N3-H3AÁ Á ÁN4 ii 0.838 (9) 2.364 (13) 3.168 (3) 161 (3) #7b N5-H5BÁ Á ÁO11 iii 0.833 (9) 2.252 (19) 2.941 (3) 140 (2) #8b N5-H5AÁ Á ÁO22 iv 0.841 (10) 2.176 (18) 2.932 (3) 149 (3) Symmetry codes: (i) x, y + 1, z; (ii) Àx, Ày + 2, Àz + 1; (iii) x À 1, y À 1, z; (iv) x À 1, y, z. Table 6 C-ClÁ Á ÁCg contacts (Å ) in (II).
Ring codes are as shown in Fig. 1 .
outermost hydrophilic representatives are the Cl atoms, and even they are excluded from significant interplanar interactions. As a result, the interactions between planes are weak and mainly of a diffuse character (London forces, etc.) An analysis in the CSD disclosed 74 structures of lamotrigine (53 as lamotriginium salts and 21 as cocrystals). When the characteristics of the L-L interactions were analyzed in detail, it was seen that the R 2 2 (8) loop connecting L moieties was rather frequent, with 41 appearances in total, 22 of which were found in salts and 19 in cocrystals. Thus, lamotrigine molecules in their neutral state (cocrystals) largely prefer (90% of the cases) to connect to each other via these R 2 2 (8) loops, with an even distribution of A I and A II homosynthon types (ten and nine cases, respectively).
The case of lamotriginium cations (salts) was distinctly different. In only 22 out of 53 cases (42%) do the molecules interact with each other through a type A synthon, with an overwhelming majority being of the A I type (21 cases) and only one being of the A II type. Thus, structure (II) in the present work appears to be rather singular in the general interaction scheme of lamotriginium anions.
The planar B-A-B centrosymmetric composite, in turn, is more restricted. There are 22 cases, most of which (i.e. 20) correspond to the B-A I -B synthon, with 19 salts and only one cocrystal. Thus, and according to these figures, the tetrameric array appears as a preferred building brick for lamotriginium salts. The remaining two cases correspond to the B-A II -B type and cover one salt and one cocrystal.
The diversity of structures which may result from this common building block should be ascribed to the remaining nonsaturated hydrogen-bonding sites still available in the anion and/or solvates. As an example, the terminal H21 arom in (I) and (II) is responsible for the chain structures; compounds where this H atom is absent, instead, tend to form isolated tetramers as is the case for the structure with the CSD refcode GAVLEV (Sridhar & Ravikumar, 2005) , where the anion is a plain benzoate. The abundance of solvates with poor (or none at all) bridging capabilities (methanol, dimethylformamide, etc) can, in turn, 'block' some of the possible N-HÁ Á ÁX interactions, changing drastically the possible supramolecular landscape. Furthermore, in many carboxylate salts where the B-A-B synthon is not present, the reason lies in the interposition of some of these solvents, either through saturation of an existing hydrogen-bonding site or simply by opening of the ring into larger less symmetrical structures [e.g.
OVUMIC (Sridhar & Ravikumar, 2011) with dimethylformamide and water, and WOVLEFT (Cheney et al., 2010) with methanol].
Finally, there are examples in the literature of subtleties where slight differences in the intervening species end up favouring (or disrupting) the formation of the B-A-B tetrameric synthon. An example can be found in the structures having 4-fluorobenzoic acid (OVUMEY; Sridhar & Ravikumar, 2011 ) and 4-bromobenzoic acid (WOKXUR; Sridhar et al., 2014) as counter-anions. Even if in both structures the halogen atom appears as quite 'inert' (they are not involved in any significant nonbonding interactions), the brominated compound does generate the tetrameric B-A-B synthon, while the flourinated compound does not.
In any case, it is apparent that the supramolecular scenario for lamotrigine structures is vast and open to as many different possibilities as different hydrogen-bonding partners (or sets of them) can be thought of. : 3,5-diamino-6-(2,3-dichlorophenyl)-1,2,4-triazin-2-ium 2-[(2-carboxyphenyl) SHELXS97 (Sheldrick, 2008) ; program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015) ; molecular graphics:
Hydrogen-bonding synthons in lamotrigine salts
SHELXTL (Sheldrick, 2008) . Software used to prepare material for publication: SHELXL2014 (Sheldrick, 2015) andPLATON (Spek, 2009 ) for (I); SHELXL2014 (Sheldrick, 2015) and PLATON (Spek, 2009 ) for (II). 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq Occ. (<1) S11 0.77327 (12) −0.07472 (7) 0.28054 (7) 0.0412 (2) Geometric parameters (Å, º) S11-C11 1.783 (4) C52-H52 0.9300 S11-S12 2.0538 (11) C62-C72 1.499 (4) O11-C71 1.223 (4) Cl1-C6 1.718 (4) O21-C71 1.330 (4) Cl2-C5 1.721 (4) O21-H21O 0.850 (10) N1-C3 1.310 (4) C11-C21 1.374 (5) N1-N2 1.336 (4) C11-C61 1.413 (4) N2-C1 1.351 (4) C21-C31 1.390 (5) N2-H2 0.847 (10) C21-H21 0.9300 N3-C1 1.311 (4) C31-C41 1.380 (5) N3-H3A 0.841 (10) C31-H31 0.9300 N3-H3B 0.843 (10) C41-C51 1.371 (5) N4-C2 1.322 (4) C41-H41 0.9300 N4-C1 1.353 (4) C51-C61 1.395 (5) N5-C2 1.313 (4) C51-H51 0.9300 N5-H5A 0.837 (10) C61-C71 1.463 (5) N5-H5B 0.840 (10) S12-C12 S12-S11-C11-C21 13.6 (3) C12-C62-C72-O22 −177.7 (3) S12-S11-C11-C61 −167.2 (2) C3-N1-N2-C1 −2.9 (5) C61-C11-C21-C31 0.3 (5) N1-N2-C1-N3 −178.4 (3) S11-C11-C21-C31 179.5 (3) N1-N2-C1-N4 2.4 (5) C11-C21-C31-C41 0.5 (5) C2-N4-C1-N3 −177.7 (3) C21-C31-C41-C51 −0.8 (5) C2-N4-C1-N2 1.5 (5) C31-C41-C51-C61 0.3 (5) C1-N4-C2-N5 176.5 (3)
sup-6
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169.1 (3) N1-C3-C4-C9 −110.8 (4) S11-S12-C12-C22 9.4 (3) C2-C3-C4-C9 65.7 (4) S11-S12-C12-C62 −173.6 (2) C9-C4-C5-C6 Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq S11 0.73570 (9) 1.26649 (6) Geometric parameters (Å, º) S11-C11 1.784 (3) C52-H52 0.9300 S11-S12 2.0506 (9) C62-C72 1.498 (3) (2) Symmetry codes: (i) x, y+1, z; (ii) −x, −y+2, −z+1; (iii) x−1, y, z; (iv) x−1, y−1, z.
